A restriction map of the genomic DNA of Lactobacillus casei phage PL-1 was constructed using the restriction endonucleases BamHI, EcoRI, HindIII, KpnI, NruI and XhoI. The PL-1 genome was 42.2 kb in size and had complementary cohesive ends forming a ring-like monomer. The cohesive ends, analysed with exonuclease III and S1 nuclease, were T-terminated single strands protruding from both ends. The nucleotide sequence of the cohesive ends, determined by the dideoxynucleotide method, comprised four A+T and 10 G+C pairs: 5' GAGGCCGACCGTTC 3'/3' CTCCGGCTGGCA-AG 5'. Thus, the cohesive ends of PL-1 DNA were higher in G+C content than those of other known bacteriophage DNAs.
Bacteriophage PL-1, which infects Lactobacillus casei, was originally isolated from an abnormal fermentation of a lactic acid beverage, and now is one of the most extensively studied phages specific for lactobacilli (Sechaud et al., 1988) . This phage morphologically resembles Escherichia coli phage 2, having an icosahedral head and a long, non-contractile tail, and it belongs to the B-1 group in the classification of Sozzi et al. (1981) . The M r of PL-1 genomic DNA, determined by sucrose gradient analysis, is about 25 x l0 s and the contour length of the circular molecule determined by electron microscopy is about 14 lam (Watanabe et al., 1980) . So far, the genomic structures of only a few bacteriophages that infect lactobacilli have been characterized at the molecular level namely ~bFSW phage ofL. casei (ShimizuKadota et al., 1984) , B2 phage of L. plantarum (Nes et al., 1988) and LL-H phage ofL. lactis (Trautwetter et al., 1986) . This paper describes a restriction map of the genomic DNA of phage PL-1 and the nucleotide sequence of its cohesive single-stranded ends. This information will be helpful for further studies to determine the genomic structures and to analyse gene functions of phages of lactobacilli.
Phage PL-1 was propagated on the host strain in MR medium at 37 °C as described previously (Watanabe et al., 1970 (Watanabe et al., , 1982 . Phage particles were isolated from the clarified phage lysates by precipitation with polyethylene glycol 6000 and NaC1, DNase I digestion, and equilibrium centrifugation in CsC1. Phage preparations were then dialysed overnight at 4 °C against 10 mM-phosphate buffer pH 7"0 containing 0" 1% NaC1, 1 mM-MgSO~ and 0-003 % gelatin, and stored at 4 °C. The genomic DNA of phage PL-1 was isolated and purified from the phage particles as described by Sambrook et al. (1989) for bacteriophage 2, with some modifications. The construction of recombinant plasmids, purification of the plasmid DNAs from transformants, recovery of DNA from agarose gel with DEAE paper and other cloning techniques were carried out as described by Sambrook et al. (1989) . Transformation of E. coli competent cells was done according to the method of Inoue et al. (1990) . Nucleotide sequences were determined by the dideoxynucleotide chain-terminating method of Sanger et al. (1977) .
PE-1 genomic DNA was subjected to restriction analysis by digestion with six restriction endonucleases, BamHI, EcoRI, HindIII, KpnI, NruI and XhoI, and separation by agarose gel electrophoresis. Table 1 shows the number of PL-1 DNA fragments generated and their size. The fact that PL-1 DNA was digested with all the enzymes confirmed indirectly the absence of significant levels of modified bases. The genomic size was estimated to be about 42 kb by summing the average size of the restriction fragments generated by each restriction endonuclease. This size corresponded to an M,. of about 26x l0 s, which is in fair agreement with the values obtained by both sucrose gradient centrifugation analysis and electron microscopy measurements (Watanabe et al., 1980) , and with the values obtained by Stetter et al. (1978) . The size of the entire PL-1 genome was almost the same as that of coliphage 2 (Thomas & Davis, 1975; Sanger et al., 1982) , Lactobacillus phage ~FSW (ShimizuKadota et al., 1984) and Streptococcus phage ~b81 (Prevots et al., 1989) . The number of digestion sites was far greater than that of lytic lactococcal bacteriophages, which are highly refractory to restriction enzyme digestion, and similar to that of other phages of lactobacilli. The differences in the numbers of digestion sites was ascribed by Powell & Davidson (1986) to the evolutionary differences between these phages. The presence of heat-dissociable DNA fragments showing cohesive ends, which had been suggested by previous studies (Stetter et al., 1978; Watanabe et al., 1980) , was confirmed through examining the restriction digests of PL-1 DNA on agarose gels. When the restriction digest was heated at 65 °C for 15 min and immediately chilled on ice-water for 10 to 15 rain (heat treatment) prior to loading onto the electrophoresis gel, one restriction fragment disappeared and two new fragments appeared for each digest (see Fig. 2 , lanes 1 and 2). The combined size of these new fragments equalled that of the disappearing one for each digest, thus enabling us to localize the cohesive ends on the map of PL-1 DNA. The restriction fragments in which the cohesive ends are located are marked with asterisks in Table 1 . Because cohesive ends of phage DNA provide a specific way of joining the two ends of a DNA molecule, they allow the formation of relatively stable circular intermediates, upon infection of a host cell, thus protecting the DNA from degradation by cellular exonucleases. With some phages, it has been proposed that the cohesive area (cos region) serves as the integration site of prophage (Shapiro et al., 1974; Ellis & Dean, 1985) , as the binding and nicking site of terminase in packaging (Feiss et al., 1983; Miwa & Matsubara, 1983) , and as the template for the first phase of DNA replication.
A restriction map of PL-1 genomic DNA was constructed from the data obtained from single (Table 1) relative positions of the digestion sites from the cohesive ends were determined by using 32P-labelled XhoI fragments, 1.89 kb and 2"28 kb in size and containing the cohesive single-stranded termini, as probes to hybridize with partial digests of PL-1 DNA. The partially digested fragments obtained with BamHI, EcoRI, HindlII, KpnI, NruI and XhoI were electrophoresed on 1-5% agarose gels after heat treatment, and transferred onto nitrocellulose filters by Southern blotting (Sambrook et al., 1989) . Fig. 1 shows a restriction map of PL-1 DNA with six restriction endonucleases. In each case, the digestion sites were not distributed uniformly throughout the map.
The protruding ends of cos regions are 5'-terminated single strands for coliphage 2 (Wu & Taylor, 1971 ) and phages P2 and P4 (Ziermann & Calendar, 1990) , or 3'-terminated single strands for Lactobacillus phage Cadh (Raya & Klaenhammer, 1992) , Lactococcus phage ¢LC3 (Lillehaug et al., 1991) , Streptomyces phage R4 (Mitsui & Takahashi, 1992) and Bacillus phage ~b105 (Ellis & Dean, 1985) . The orientation, 3' or 5', of the protruding cohesive ends of PL-1 DNA was then determined by using two enzymes: exonuclease III which selectively degrades blunt or single-stranded 5'-protruding termini of the dsDNA, but not single-stranded 3'-protruding termini, and S 1 nuclease which has specific endonuclease activity on ssDNA. PL-1 DNA was digested with J(hoI to give 5'-protruding termini, or with NruI to give blunt ends, or with KpnI to give T-protruding termini. To dissociate the cohesive termini, all the fragments were heat-treated. The DNA samples thus prepared were treated with exonuclease III and subsequently with S1, and the electrophoretic patterns of the resultant fragments were compared with those of a control without enzyme treatment. If PL-1 cohesive termini are 5'-protruding, all the DNA fragments digested with the restriction endonucleases listed above will be shortened in size. However, DNA samples digested with NruI or XhoI were shortened in size, but DNA samples digested Fig. 2 . Determination of the orientation of the cos ends of PL-I DNA. Phage DNA was digested with Xho2 generating 5'-protruding termini, Nru2 generating blunt-end termini and Kpnl generating T-protruding termini; digests were then treated with exonuclease II2, and electrophoresed on a 1.5 % agarose gel. Lanes: 1, control without heat treatment before exonuclease 2II; 2, digestion with heat treatment; 3 to 7, exonuclease 2II treatment for 0 rain (lanes 3), 2 rain (lanes 4), 4 min (lanes 5), 7 min (lanes 6) and 10 min (lanes 7), respectively. An EcoRI+Hind2II digest of 2 DNA was used as the size marker (lanes 8).
with KpnI were not (Fig. 2) . These results indicate that the cohesive ends of PL-1 D N A are 3'-protruding. Fig. 3 shows a strategy for nucleotide sequencing of the cohesive ends of PL-1 DNA. First, a 4-17 kb XhoI fragment (upper thick line), isolated from PL-1 DNA, was ligated at a cohesive end by T4 D N A ligase, and purified with D E A E paper after separation by agarose gel electrophoresis. Two cohesive end-containing fragments, B a m H I -H i n d I I I and DdeI-DdeI (fragments A and B, respectively, Fig. 3 ) were purified as described above from the 4.17 kb Xho! fragment and fragment A, respectively. Then, the 3'-protruding ends of DdeI recognition sites were removed by T4 D N A polymerase, fragment B was inserted into the HincII site of sequencing vectors, and nucleotide sequences were determined by the dideoxynucleotide method. Next, 1.89 kb and 2.28 kb XhoI fragments isolated from PL-1 D N A were removed from these protruding ends by treatment with T4 D N A polymerase, and digestion with B a m H I and HindIII to give fragments C and D (Fig. 3) , respectively. Both fragments were purified, cloned into the vectors and sequenced as above. The nucleotide sequence of the cohesive area was then determined by comparing the sequences with those of fragments B, C and D.
As Fig. 4(a) shows, the sequence of the cohesive ends is relatively short, comprising 14 bases. The sequence has a high G + C content (71%), similar to those of 2, P2, P4 and ~bLC3 phage DNAs which have cohesive ends also. A structure with twofold rotational symmetry was detected around the centre of the protruding region as marked by asterisks. The significance of the unique A -T cluster found near the cos end of PL-1 DNA, which was observed also in q~LC3 DNA, is not fully understood at present, and is worth further investigation. As shown in Fig. 4(b) , where amino acid sequences of the deduced polypeptides are shown by the one-letter code under the nucleotide sequence, two open reading frames (ORFs 1 and 2) were identified near the cohesive regions. O R F 1 has a stop codon, but not an initiation codon or promoter structure. However, the possibility of inverted repeat structures, shown by underlining and dotted underlining in the nucleotide sequence, was detected (a)
GA'PP~rT ** * ** * e* ********* 
CAT GCG GAA TTG ATG GCC AAA GAT GGC ATT CCA AAA CTT CAG GTA ACA CCG CCT AAT downstream of ORF l; one of these was thought possibly to be the attenuator of ORF 1. Two inverted repeat structures and a region homologous to 2 terminase binding site (Miwa & Matsubara, 1983) were identified in the downstream non-coding region (data not shown). These results suggest that the symmetrical structure may be the recognition site at which the PL-1 terminase forms the cohesive ends of the DNA. On the other hand, ORF 2 has a putative promoter structure, detected upstream of the initiation codon but not a stop codon. Furthermore, some homologies in the deduced amino acid sequence have been detected between PL-1 and other bacteriophages (unpublished data). The information provided here concerning the phage PL-1 restriction map will provide not only a starting point for cloning individual genes of interest, such as the gene encoding N-acetylmuramidase (Hayashida et al., 1987) , but also a basis for further study of the organization of the phage genome. We are now elucidating the DNA sequence of the entire PL-1 phage genome.
